Pharmacological modulation of the mechanical response of airway smooth muscle to length oscillation. J. Appl. Physiol. 83(3): 739-745, 1997.-Stretch and retraction of the airways caused by changes in lung volume may play an important role in regulating airway reactivity. We studied the effects of different pharmacological stimuli on airway smooth muscle to determine whether the muscle behavior during length oscillation can be modulated pharmacologically and to evaluate the role of different activation mechanisms in determining its behavior during the oscillation. Active force decreased below the static isometric force during the shortening phase of length oscillation, resulting in an overall depression of force during the length oscillation cycle. This pattern of response was unaffected by the contractile stimulus or level of activation, suggesting that it was caused by a mechanism that is independent of the level of activation of cross bridges. The normalized area of the length-force hysteresis loop (hysteresivity) differed depending on the stimulus used for contraction. Effects of different stimuli on hysteresivity were not correlated with their effects on isotonic shortening velocity or isometric force, suggesting that the pharmacological modulation of the behavior of airway smooth muscle during length oscillation at these amplitudes cannot be accounted for by the effects on the cross-bridge cycling rate. tracheal smooth muscle; airway reactivity; contractile mechanisms; tidal breathing DURING NORMAL TIDAL BREATHING, increases and decreases in airway transmural pressure may cause stretch and retraction of the smooth muscle in the airway wall. This constant oscillation of airway smooth muscle length caused by breathing may play an important role in limiting airway reactivity (17, 20) . The fact that length oscillation decreases the active force of contracted bronchial segments and airway smooth muscle strips in vitro below that obtained under static conditions suggests that the primary mechanism for the effect of length oscillation on airway smooth muscle contractility may lie within the smooth muscle itself (5, 10, 15).
DURING NORMAL TIDAL BREATHING, increases and decreases in airway transmural pressure may cause stretch and retraction of the smooth muscle in the airway wall. This constant oscillation of airway smooth muscle length caused by breathing may play an important role in limiting airway reactivity (17, 20) . The fact that length oscillation decreases the active force of contracted bronchial segments and airway smooth muscle strips in vitro below that obtained under static conditions suggests that the primary mechanism for the effect of length oscillation on airway smooth muscle contractility may lie within the smooth muscle itself (5, 10, 15) .
In tracheal muscle strips studied in vitro, length oscillation results in a characteristic pattern of response: during the shortening phase of the length oscillation cycle, the dynamic force decreases well below the static isometric force obtained at any muscle length of the oscillation cycle; however, the dynamic force returns to the level of the static isometric force as the muscle is stretched back to the long length of the oscillation cycle (15) . The degree of depression of dynamic force relative to static force as well as the normalized area of the length-force loop (hysteresivity) are dependent on both the rate and amplitude of the oscillation cycle (5, 15) .
The pattern of response of airway smooth muscle to length oscillation may reflect the effects of a combination of cellular mechanisms, including the active attachment and detachment of cross bridges, passive viscoelastic properties, and a plasticity of contractile filament organization within the cell (15) . In the present study, we have evaluated the effects of different contractile stimuli on the mechanical response to length oscillation to determine whether the behavior of airway smooth muscle during length oscillation can be modulated pharmacologically and to further investigate the roles of different cellular mechanisms in determining the response of airway smooth muscle to oscillatory conditions similar to those likely to occur during breathing in vivo. We have used two parameters to characterize the oscillatory behavior of the airway smooth muscle under each stimulation condition: the depression of contractile force during the oscillation relative to the static force and the normalized hysteresis area (hysteresivity) of the force-length loop.
METHODS
Tissue preparation. Mongrel dogs weighing 20-25 kg were anesthetized with pentobarbital sodium and killed by exsanguination. A 10-to 15-cm segment of trachea was immediately removed and immersed in physiological saline solution at 22°C [composition (in mM): 110 NaCl, 3.4 KCl, 2.4 CaCl 2 , 0.8 MgSO 4 , 25.8 NaHCO 3 , 1.2 KH 2 PO 4 , and 5.6 glucose]. The solution was aerated with 95% O 2 -5% CO 2 to maintain a pH of 7.4. Rectangular strips of trachealis muscle were dissected from the trachea after removal of the epithelium and connective tissue layer. Muscle strips (2-3 mm wide ϫ 5-8 mm long) were mounted horizontally in a 25-ml rectangular Plexiglas tissue bath containing 37°C physiological saline solution that was bubbled with 95% O 2 -5% CO 2 . One end of each strip was fixed tightly to a stationary platinum hook while the other end was attached to a servo-regulated electromagnetic lever (model 300B, Cambridge Technology). The static compliance of the entire system excluding the muscle was negligible with respect to muscle compliance.
After placement in the tissue bath, muscles were equilibrated for 60-90 min. During this time, they were stimulated by electrical field stimulation at 2-to 5-min intervals using 20-V, 15 pulses/s, 0.5-ms duration square waves by means of rectangular platinum electrodes (55 ϫ 10 ϫ 0.3 mm) connected to Grass stimulator and a current amplifier. To determine the muscle length at maximal active force (L o ), muscle length was increased progressively after each stimulation until the force of active contraction reached a maximum. After L o was determined, muscles were subjected to different experimental protocols. Pharmacological agonists used for subsequent contractions were injected into the tissue bath by micropipette. Contractions induced by KCl were induced by 0161-7567/97 $5.00 Copyright 1997 the American Physiological Society replacement of the bathing medium with 60 mM KCl in the presence of 10 Ϫ6 M atropine.
Length oscillation of muscle strips. Length oscillation of muscle strips was performed by using a waveform generator (model 75A, Wavetek, San Diego, CA). Triangle waves were used so that the rate and amplitude of the length oscillation cycle could be varied independently. Muscles were oscillated at an amplitude of 10% L o (from 0.80 to 0.70 L o ) or 6% L o (from 0.80 to 0.74 L o ) and at rates of length change (ramp rates) ranging from 0.005 to 0.02 L o /s. All data were captured on a Nicolet digital oscilloscope and transferred to a computer for further analysis. The area of the force-length loop for each cycle was computed by integration using the digitally recorded data.
Measurement of isotonic shortening velocity. The isotonic shortening velocity was measured as previously described (6, 11) . Briefly, each muscle was isometrically contracted at L o for 5 min. A step decrease in muscle length from L o to 0.8 L o was then imposed on the muscle. At the same time, the muscle was subjected to an afterload equal to 10% of the isometric force at L o . The muscle was then contracted isometrically at 0.8 L o until the force equaled the afterload, after which it began to shorten isotonically. During shortening, both muscle length (L) and the rate of change of muscle length (dL/dt) were recorded.
Data analysis. Muscle force during length oscillation at the shortest length of the oscillation cycle was computed as a proportion of the static isometric force at 0.80 L o (the peak length of the oscillation cycle). Hysteresis area for each rate and amplitude of length oscillation was computed cycle by cycle from three to six successive force-length loops. The first loop obtained after a change in the rate of length oscillation was not included. The hysteresivity constant (), which normalizes hysteresis area for differences in length and force excursions, was computed from the hysteresis area of lengthforce loop (A), the peak-to-peak length excursion (⌬L), and the peak-to-peak force excursion (⌬F), as described by Fredberg et al. (3) ϭ tan
where is the phase lag between length and force.
Statistical analysis. All data are presented as means Ϯ SE. Comparisons between two groups were made using a two-way analysis of variance with repeated measures or paired t-tests. For all statistical tests employed, P Ͻ 0.05 was considered statistically significant. In each case, n is the number of muscle strips used for each experiment.
RESULTS

Time course of changes in force and hysteresivity during isometric contractions elicited by acetylcholine (ACh), KCl, and McN-A-343.
The behavior of the muscle was analyzed during length oscillation to determine whether it can be pharmacologically modulated. Hysteresivity and dynamic force during length oscillation were evaluated during contractions elicited by three contractile stimuli that differ in the mechanisms by which they activate tracheal smooth muscle. The time course of changes in hysteresivity was evaluated during isometric contractions of up to 10-min duration in separate sets of experiments in which contractions were induced by 10 Ϫ5 M ACh, 10 Ϫ4 M McN-A-343, or 60 mM KCl. A length oscillation of 6% L o at a rate of 0.02 L o /s (0.166 Hz) was imposed on the resting muscle before administration of the contractile stimulus. The oscillation was then continued throughout the period of isometric contraction.
Each of these stimuli elicited an increase in isometric force to a plateau that was sustained for a full 10 min (Fig. 1 ). Muscles were oscillated continuously before stimulation and throughout contraction by using a 6% L o oscillation amplitude and a rate of length change of 0.02 L o /s. With each of these stimuli, hysteresivity exhibited a phasic increase during the force development phase of contraction but was relatively constant after 5 min, when force had reached a steady state. The peak increase in hysteresivity was greatest during contraction with ACh, smaller for KCl, and lowest during contraction with McN-A-343. However, the magnitude of the peak increase in hysteresivity for these stimuli was not correlated with the values of hysteresivity during the plateau phase of the contraction. Hysteresivity during the plateau phase of contraction was greater for KCl than for ACh and McN-A-343.
Dynamic force and hysteresivity during the plateau phase of contractions induced by ACh, KCl, and McN-A-343. The effect of the level of contractile activation on the dynamic response of the muscle was assessed in six muscle strips by using different concentrations of ACh. Each muscle strip was contracted successively with 10 Ϫ4 M and 10 Ϫ6 M ACh. After 5 min of isometric contraction, the muscle was subjected to length oscillations of 10% L o at rates of 0.005, 0.01, and 0.02 L o /s. Both hysteresivity and the dynamic muscle force at 0.7 L o , the short length of the oscillation cycle, were calculated. Mean results are shown in Fig. 2A . The concentration of ACh did not significantly affect the decrease in force during imposed shortening or the hysteresivity at any oscillation rate. Isometric force in response to 10 Ϫ6 M ACh was 48.5 Ϯ 1.8% of the isometric force in response to 10 Ϫ4 M ACh.
The effects of different pharmacological stimuli on the dynamic response of the muscle to length oscillation were evaluated by using a protocol similar to that described above. In five muscles, the effects of 10 Ϫ5 M ACh and the muscarinic agonist McN-A-343 (10 Ϫ4 M) were compared in successive contractions. In another group of six muscles, the effects of ACh (10 Ϫ6 M) and 60 mM KCl were compared. In each set of experiments, stimulus concentrations that elicit similar levels of isometric force were chosen. Each muscle was contracted isometrically for 5 min and then subjected to length oscillations at rates of 0.005, 0.01, and 0.02 L o /s at an amplitude of 10% L o . Dynamic force at 0.7L o , the short length of the oscillation cycle, was not significantly different during contractions induced by ACh (10 Ϫ5 M) and McN-A-343 (10 Ϫ4 M) or during contractions elicited by ACh (10 Ϫ6 M) and KCl (60 mM) at any oscillation rate (Fig. 2, B and C) . In contrast, hysteresivity was significantly lower at all three oscillation rates during contractions induced by McN-A-343 than during contractions induced by 10 Ϫ5 M ACh (Fig. 2B) . Contrac- Relationship between hysteresivity and isotonic shortening velocity. Shortening velocity and hysteresivity were measured in paired contractions in the same muscle strip activated under different pharmacological conditions. After 5 min of isometric contraction, the muscle was subjected either to length oscillation or to the measurement of isotonic shortening velocity. Hysteresivity was assessed during oscillations at a rate of 0.01 L o /s and an amplitude of 10% L o . Shortening velocity was measured by using a 10% afterload.
The effects of 10 Ϫ4 and 10 Ϫ6 M ACh on hysteresivity and shortening velocity were compared in seven muscle strips (Fig. 3) . The isotonic shortening velocity elicited by 10 Ϫ6 M ACh (0.023 Ϯ 0.004 L o /s) was 62.5 Ϯ 3.6% of that elicited by 10 Ϫ4 M ACh (0.036 Ϯ 0.005 L o /s), and the isometric force in response to 10 Ϫ6 M ACh was 57.3 Ϯ 2.8% of that elicited by 10 Ϫ4 M ACh. In contrast, hysteresivity was significantly higher during contraction with 10 Ϫ6 M ACh than during contraction with 10 Ϫ4 M ACh at this oscillation rate. 
DISCUSSION
Effects of stimulation conditions on the response to length oscillation. We evaluated the force-length behavior of airway smooth muscle during length oscillation after activation under different stimulus conditions to determine whether the dynamic behavior of the muscle is affected by the intensity of contractile stimulation or by receptor-coupled second-messenger pathways. Muscles were studied after contraction with a variety of contractile stimuli that utilize different signaling mechanisms to activate the muscle. Regardless of the stimulus used to contract the muscle, its general pattern of behavior during length oscillation was the same at each of the oscillation rates employed: the dynamic force dropped below the static force as the muscle was shortened below the peak length of the oscillation cycle and returned to the level of the static force as the muscle was stretched back to the peak length of the oscillation cycle (5, 15) . To compare the effects of different stimuli on the oscillatory behavior of the muscle, the response to length oscillation was characterized in terms of the depression of dynamic force relative to the static force at the shortest length of the cycle and the normalized hysteresis area, or hysteresivity (15) . In addition, the active shortening velocity and the response to length oscillation were compared under different stimulus conditions to determine whether the same cellular processes are likely to predominate in regulating both these mechanical responses.
Two different concentrations of ACh, the muscarinic agonist McN-A 343, and KCl were used for these studies. These stimuli were chosen because their effects on the activation of canine tracheal smooth muscle are different and have been well characterized in previous studies (1, 9) . Although ACh and McN-A-343 both activate M 3 muscarinic receptors in canine tracheal smooth muscle (9) , ACh is a much more potent muscarinic stimulus than McN-A-343. It elicits a much larger Ca 2ϩ transient, significantly higher levels of inositol phosphate metabolism, and faster rates of force develop- http://jap.physiology.org/ ment and isotonic shortening than McN-A-343 at concentrations that elicit similar levels of isometric force (1, 7) . In contrast, KCl activates canine tracheal muscle through its depolarizing effects on the smooth muscle membrane and does not initiate receptor-coupled second-messenger pathways. The effects of these stimuli on the response to length oscillation were studied at oscillation rates of 0.02 L o /s or below, because active contractile processes are more likely to play a significant role in determining the behavior of the muscle at these rates (15) .
The depression of force after shortening as well as the hysteresivity were very similar at concentrations of ACh that elicit maximal and half-maximal levels of isometric force, indicating that the mechanisms that regulate dynamic force during length oscillation are relatively independent of the intensity of contractile activation elicited by a given stimulus. The fact that the depression of force following shortening was similar whether the muscle was maximally or submaximally activated is consistent with our conclusion that the depressive effect of length oscillation on airway muscle contractility does not result primarily from effects of stretch or shortening on the Ca 2ϩ activation of cross bridges caused either by a phenomenon such as ''shortening deactivation'' or by a mechanically induced release of local mediators that affect muscle activation (8, 12, 15) .
We have previously proposed that the depression of airway smooth muscle contractility caused by changes in length imposed on activated muscle may result from non-cross-bridge mechanisms. Specifically, this phenomenon may result from a plasticity of the cellular organization of contractile filaments within the airway smooth muscle cell that enables contractile element length to be reset in relation to muscle cell length as a result of stretch (8, 11, 12, 15) . However, we did observe differences in the hysteresivity of loops obtained during contractions elicited by ACh and KCl, and we also observed differences in hysteresivity during contractions elicited by ACh and McN-A-343. This suggests that some of the mechanisms that regulate the response of airway smooth muscle to length oscillation are affected by second-messenger pathways that are differentially activated by these stimuli.
Correlation between hysteresivity and shortening velocity. For all contractile stimuli, hysteresivity increased during the force development phase of contraction, when the rate of cross-bridge cycling and shortening velocity are highest, and then decreased to a constant level during the plateau phase of contraction, when the cross-bridge cycling rate and shortening velocity decline. The magnitude of the transient increase in hysteresivity for each stimulus correlated with the rate of force development of the muscle elicited by that stimulus. The peak increase in hysteresivity also occurred at a time point similar to the peak increase in isotonic shortening velocity measured in previous studies (6, 7) . These data are consistent with the observations of Fredberg et al. (4), who reported transient increases in hysteresivity in canine tracheal smooth muscle during the force development phase of contraction that correlated with changes in the shortening velocity. As the shortening velocity of the muscle is determined primarily by the cross-bridge cycling rate, these observations suggest that during the force development phase of contraction, the rate of cross-bridge cycling plays a predominant role in determining the hysteresis of the force-length loop during length oscillation.
In contrast, during the plateau phase of isometric contraction, we found that the effects of different stimulus conditions on hysteresivity were not correlated with their effects on shortening velocity. Both shortening velocity and isometric force were significantly lower when the muscle was activated with 10 Ϫ6 M ACh than with 10 Ϫ4 M ACh; however, hysteresivity was slightly higher during contraction with the lower concentration of ACh. Both hysteresivity and shortening velocity were lower when the muscle was activated with McN-A-343 than when it was activated with ACh; however, during contraction with McN-A-343, the shortening velocity was one-half that obtained during contraction with ACh while hysteresivity was reduced only slightly. Hysteresivity was significantly higher during contractions induced by KCl compared with those induced by ACh, but the shortening velocity was lower during contraction with KCl than during contraction with ACh.
As the calculation of hysteresivity normalizes for the amplitude of both force and length perturbations during oscillation, differences in hysteresivity values reflect only shape differences in the force-length loop. Fredberg et al. (4) have suggested that the hysteresivity associated with small-amplitude length oscillations (0.5% L o ) is an index of the energy required for crossbridge cycling and that hysteresivity may provide an index of the cross-bridge cycling rate as reflected by the shortening velocity. Although our data suggest that the cross-bridge cycling rate is an important factor in determining the shape and area of the hysteresis loop of airway smooth muscle during length oscillation, particularly during the force development phase of contraction, the lack of correlation between shortening velocity and hysteresivity under different stimulus conditions suggests that, at these larger oscillation amplitudes, factors other than the rate of active shortening also contribute significantly to the behavior of the muscle during length oscillation. These factors may include cross-bridge properties that are not well characterized by the shortening velocity as well as non-crossbridge mechanisms that also affect the mechanical properties of the tissue. The relative contributions of these other contributing factors may differ depending on the stimulus conditions as well as the rate and amplitude of length oscillation.
There are a number of possible mechanisms that might affect the hysteresis of the muscle without causing corresponding changes in shortening velocity. During the lengthening phase of the oscillation cycle, cross bridges are forced to cycle under an imposed strain and an increasing load; the isotonic shortening velocity may not provide a good index of the rate of cycling of cross bridges during imposed lengthening under these conditions. As noted above, the muscle contractility may also be affected by changes in contractile filament organization that occur in response to changes in muscle length (8, 11, 12, 15) . Cytoskeletal proteins that are regulated independently of the crossbridge cycle may also contribute to the mechanical properties of the muscle during length oscillation. Actin-binding proteins such as caldesmon and calponin as well as other cytoskeletal proteins (e.g., paxillin and talin) have been implicated in the regulation of smooth muscle contraction; however, the role of these proteins in contraction remains undetermined (2, (13) (14) (15) 18) . Receptor-coupled pathways have been shown to modulate the phosphorylation and dephosphorylation of myosin light chains by Ca 2ϩ -independent pathways in smooth muscle tissues (16) ; there is evidence that these pathways also differentially activate some of these cytoskeletal proteins (12, 19) .
Conclusions. We studied the effects of pharmacological stimuli on the response of airway smooth muscle to low-frequency, large-amplitude (6-10% L o ) oscillations to evaluate the cellular mechanisms that play a role in determining the effects of changes in lung volume on airway smooth muscle contractility during breathing. Our results indicate that the shortening phase of length oscillation causes a depression of airway smooth muscle contractility that results from a mechanism that is independent of the stimulus used to activate the muscle. The normalized length-force hysteresis area, or hysteresivity, differed under different conditions of stimulation, indicating that the behavior of the muscle during length oscillation is pharmacologically modulated. Differences in hysteresivity elicited under different pharmacological conditions were not correlated with differences in the isotonic shortening velocity, indicating that the effects of different stimuli on hysteresivity could not be accounted for by their effects on the cross-bridge cycling rate. Our results are consistent with the hypothesis that the behavior of airway smooth muscle during length oscillation is determined by a combination of cross-bridge and non-cross-bridge mechanisms.
